A key research area in wireless transmission is underwater communications. It has a vital role in applications such as underwater sensor networks (UWSNs) and disaster detection. The underwater channel is very unique as compared to other alternatives of transmission channels. It is characterized by path loss, multipath fading, Doppler spread and ambient noise. Thus, the bit error rate (BER) is increased to a large extent when compared to its counterpart of cellular communications. Acoustic signals are the current best solution for underwater communications. The use of electromagnetic or optical waves obviously entails a much higher data rate. However, they suffer from high attenuation, absorption or scattering. This paper proposes a novel fractional fast Fourier transform (FrFT)-orthogonal frequency division multiplexing (FrFT-OFDM) system for underwater acoustic (UWA) communication-which employs the amplitude shift keying (ASK) modulation technique (FrFT-ASK-OFDM). Specifically, ASK achieves a better bandwidth efficiency as compared to other commonly used modulation techniques, such as quadrature amplitude modulation (QAM) and phase shift keying (PSK). In particular, the system proposed in this article can achieve a very promising BER performance, and can reach higher data rates when compared to other systems proposed in the literature. The BER performance of the proposed system is evaluated numerically, and is compared to the corresponding M-ary QAM system in the UWA channel for the same channel conditions. Moreover, the performance of the proposed system is compared to the conventional fast Fourier transform (FFT)-OFDM (FFT-OFDM) system in the absence and presence of the effect of carrier frequency offset (CFO). Numerical results show that the proposed system outperforms the conventional FFT-based systems for UWA channels, even in channels dominated by CFO. Moreover, the spectral efficiency and data rate of the proposed system are approximately double the values of the corresponding conventional OFDM systems for the same parameters.
Introduction
The research area of underwater communications has received much attention during the past years. This is motivated by the growing interest of multiple countries to develop ocean monitoring systems. These systems have applications that include environmental monitoring, oil field exploration, pollution control, seismic alerts, control of autonomous underwater vehicles (AUVs) and other military activities [1] . Acoustic signals represent the best current technology for underwater communications.
to eliminate the multipath effect was complex, the system suffered from inter-symbol-interference (ISI). In [26] , we investigated the performance of the FrFT-OFDM system for UWA communications with QAM modulation.
This article proposes a novel FrFT-ASK-OFDM system for frequency selective underwater acoustic (UWA) channels. The proposed system has the potential to greatly enhance the bit error rate (BER) performance as compared to conventional OFDM systems. This enhancement is traded for higher peak-average-power-ratio (PAPR). It also compares the BER performance of the proposed system to the conventional OFDM systems with M-ary QAM modulation in UWA channels. Moreover, it studies the effect of CFO on the BER performance in UWA channels.
The remainder of this article is organized as follows. An overview of conventional OFDM systems with ASK modulation is given in Section 2. The FrFT is briefly introduced in Section 3. A summary of the UWA channel is given in Section 4. Section 5 introduces the proposed system model. Then, Section 6 provides the simulation results and performance evaluation of the M-ary ASK FrFT-OFDM system under the effect of CFO over the UWA channel. Finally, conclusions and future work are given in Section 7.
Overview of ASK-OFDM
The PSK and QAM schemes are the most common modulation techniques used with OFDM. More specifically, QPSK and 16-QAM schemes have been widely used. Both methods use 1/T as the separation distance between the subcarriers to maintain orthogonality among them. On the other hand, ASK requires only 1/2T as the minimum frequency separation, since the subcarriers differ only in amplitudes and frequencies, while their phases are the same (0, π/2 or π) [4] [5] [6] . Therefore, ASK-OFDM attains better bandwidth efficiency. Furthermore, the ASK-OFDM system is not as sophisticated as conventional OFDM systems that use QAM or PSK. M-ary ASK-OFDM signal as introduced in [5] :
where, A k is the amplitude of the M-ary ASK-OFDM signal, M is the modulation order, N is the number of subcarriers and f k = k/2T is the subcarrier frequency. The subcarrier frequency separation is 1/2T. Figures 1 and 2 show the spectra of OFDM subcarriers with 1/T spacing for PSK and QAM, and 1/2T for ASK, respectively. It is obvious from the figures that the bandwidth saving ratio of ASK-OFDM compared to PSK and QAM-OFDM as given by [5] is:
ASK on the other hand has lower power efficiency when compared to PSK or QAM for the same modulation order M. The increase in PAPR compared to PSK-OFDM is expressed as [5] :
However, ASK is still favorable for implementation with the OFDM system since there are techniques in the literature which reduce PAPR. One dynamic solution to solve the high PAPR problem is through coding. There are some preferable coding approaches dedicated to the PAPR issue discussed in [7] . 
1/T Frequency Separation

Fractional Fourier Transform (FrFT)
The theory of FrFT was first introduced in mathematics at the late 1980s and early 1990s [27] . It is considered as a comprehensive standard of the Fourier transform and explicated as an alternation of the rotation angle in the time-frequency analysis [28] . The conventional Fourier transform is a rotation of time axis at a defined angle of π/2 with respect to the frequency axis; however, the FrFT allows the time axis of the signal to be rotated at any fractional angle (α) with respect to the frequency axis, that is establishing new time and fractional domain axes (α domain). Fractional Fourier transform is confined to the application of chirp signals only, which are linear frequency modulation (LFM) signals. The FrFT of signal x(t) as defined in [24, 29, 30] :
where F m is the FrFT operator, m denotes a real integer and H m (t, u) is the FrFT kernel, which is given as [24, 29, 30] :
where α = mπ/2 is the rotation angle of the FrFT. Thus, Equation (4) can be explicated as [24, 29, 30] :
The corresponding inverse fractional Fourier transform (IFrFT) as defined in [29] is given by:
Equation (7) manifests that the signal x(t) is realized as decomposition to a basis formed by the ortho-normal chirp signals in the α-domain.
The authors in [31] [32] [33] [34] explained the implementation of discrete fractional Fourier transform (DFrFT), which falls into three categories namely, eigenvalue decomposition, discrete sample, and linear combination. The authors of this article refer to the decomposition algorithm used in [29] , which is based on the discrete algorithm submitted by Ozaktas in [32, 33] . In the Ozaktas model, the FrFT is decomposed into two multiplications and one convolution with the chirp signal. The advantage of this decomposition algorithm is the high calculation accuracy with low computational complexity. It is worth noting that the complexity of DFrFT is similar to DFT [23] .
Underwater Acoustic Channel Model
The unparalleled characteristics of the underwater acoustic (UWA) channel are presented in this section with a highlight on the major drawbacks and limitations of signal propagation in this medium. We assume a time-varying channel model with impulse response as [9, 13] :
where h l (t) is the lth path amplitude, and τ l (t) is the time-varying path delay.
Path Loss
The path loss has a great effect on the wireless communication channel. The spreading and absorption of the signal are the main causes of path loss in the UWA channel. The total path loss in dB as introduced in [1] : PathLoss = 10s log 10 (d) + 10d log 10 (a( f )) (9) where d represents the distance between the transmitter and receiver, a( f ) is the absorption coefficient and s denotes the spreading factor. The absorption coefficient a( f ) is dependent on frequency of propagation, temperature, and pressure. The spreading factor is based on the geometry of propagation. For a practical UWA channel, the spreading factor s is a hybrid of spherical and cylindrical geometric spreading, with a value of s = 1.5 [1] .
Fading
Fading is the level of the received power, which oscillates due to the nature of multipath propagation in an underwater environment. In shallow water, fading is a result of wave reflection from the surface and bottom, while in deep ocean zones, it is due to a natural phenomenon known as refraction. On the one hand, multipath fading causes the transmitted signal to travel through many paths to reach the receiver with different delay spreads. These delays overlap each other and cause inter-symbol interference (ISI), which in turn points towards a frequency-selective channel. Sound travels at a velocity of 1500 m/s underwater [1] . This introduces additional delay spread. The approximate delay spread of typical underwater channels is 10 ms, but sometimes delay spread can be as large as 50 to 100 ms.
On the other hand, the underwater acoustic environment is subject to surface scattering as well as internal waves, which introduces the time selectivity of the channel model. Doppler spreads are dominated by sea surface conditions and transmitter or receiver motion. The receiver design of the UWA-OFDM system has to employ effective techniques to compensate the Doppler spread for proper operation.
Noise Model
Common sources of ambient noise in underwater acoustic channels include shipping activities, rain fall, seismic events and sounds generated by aquatic animals. The Wenz model classifies the noise sources into four main categories, according to the frequency spectrum. In the frequency range below 10 Hz, the main source of noise is turbulence due to high waves. In the frequency range of 10 Hz-100 Hz, noise is caused by shipping activities. Surface movement due to wind and waves is the primary reason of noise in the frequency range between 100 Hz and 100 kHz. Furthermore, at frequencies higher than 100 kHz, electronic thermal noise is the dominating factor. The total ambient noise level is given by adding the level sum of the participating noise factors.
System Model
This section presents the proposed FrFT-based OFDM system for underwater communication. Figure 3 presents a block diagram of the system model. This article considers the Rician fading channel model, as it was found to provide a good match for underwater channels [8, 9] . The structure of the system is similar to the ordinary OFDM system, where the IFFT and FFT blocks are replaced by IDFrFT and DFrFT blocks. The system uses a M-ary ASK modulator/demodulator. An advantage of M-ary FrFT-ASK-OFDM is that it achieves high power and saves bandwidth. That is, it provides a good application for the UWA channel which is bandwidth-limited. The cyclic prefix (CP) is added to the transmitted signal in order to suppress the ISI, which is due to multipath fading. OFDM suffers greatly from the effect of CFO which induces inter carrier interference (ICI). Furthermore, the effect of CFO becomes more severe as the number of subcarriers increases and BER increases to a large extent. However, this is not the case in FrFT-based OFDM, where ICI can be extremely suppressed by using IFrFT and FrFT instead of IFFT and FFT.
Reported parameters for OFDM systems presented in the literature based on actual applications were not fixed. A summary of the range of common parameters is as follows. Carrier frequencies ranged from 8 kHz to 24 kHz and bandwidths ranged from 3 kHz up to 50 kHz. The number of subcarriers N reported in the literature varied, and values were up to 2048 sub-carriers. Sub-carrier spacings were on the order of tens of Hertz up to hundred Hertz [13, [16] [17] [18] .
Spectral Efficiency and Data Rate
Two important parameters considered for performance evaluation of communication systems are the spectral efficiency and data rate particularly for UWA, where the data rate represents a great challenge due to the limited bandwidth.
The bandwidth for QAM/PSK systems is B Q = N+1 T , where for ASK OFDM systems the bandwidth is B A = N+3 2T [5] . For QAM/PSK OFDM systems, the spectral efficiency is calculated as α Q [18] :
where T g is the guard time, and N d is the number of effective data subcarriers. For ASK-OFDM, the spectral efficiency is given by α A :
Thus, the data rate for QAM/PSK OFDM systems is calculated as α Q B, and for ASK-OFDM is α A B. As can be seen, for the same parameters and modulation order, the spectral efficiency of ASK-OFDM will be approximately double the corresponding spectral efficiency of QAM/PSK OFDM systems.
Numerical Results
This section presents numerical results for the proposed system. We investigate both the ordinary FFT-OFDM well studied for UWA systems with QPSK (4-QAM) and 16 QAM, and compare it to the novel FrFT-OFDM systems with the following parameters: N = 64 subcarriers; cyclic prefix (nCP) = 8, delay taps (nTap) = 2 and modulation scheme is M-ary ASK. The propagation environment is a frequency selective UWA channel in the presence of CFO, where the Rician k-factor is in the order of 10 for UWA channel model. Also, a wide range of fractional order (α) has been tried to verify the simulation results; specifically, α = 1.0 (FFT), α = 1.576, α = 1.580, α = 1.582, α = 1.584 and α = 1.62. Figure 4 Figure 5 shows a BER comparison of 2-ASK FrFT and the FFT-based OFDM system over the frequency selective UWA channel in the presence of different CFOs. As can be seen, the proposed FrFT-ASK-OFDM system outperforms the corresponding FFT-ASK-OFDM in the UWA channel. Figure 6 shows the BER performance of the FrFT-OFDM system at different values of fractional order (α) in the same channel conditions with CFO = 0.15. It is visible that at α = π/2, both the FrFT-ASK-OFDM system and the FFT-ASK-OFDM system behave in an identical manner. Also, the minimum BER performance is achieved for a value of α = 1.584 and the performance degrades with changing this value. A summary of the achievable BER for QPSK, 16-QAM, 4-ASK and 16-ASK for different SNRs is given in Table 1 for CFO = 0.05. As can be seen, the BER ranges from 0.001 to 0.094. Recent BER results presented in the literature ranged from 0.005 to 0.25 as in [35] . We aimed to calculate the spectral efficiency and data rate based on realistic parameters reported in the literature, and compare them for the cases under investigation. For T = 85.33 ms, T g = 25 ms, N d = 672, and N = 1024, the spectral efficiencies and data rates are as follows. For QPSK, the spectral efficiency α Q = 1.014, and for 16-QAM α Q = 2.02821. The corresponding spectral efficiencies for 4-ASK and 16-ASK are 2.024 and 4.0485, respectively. The corresponding data rates assuming long range B = 5 kHz, medium range B = 10 kHz, and small range B = 50 kHz are summarized in Table 2 . As can be seen, for the same modulation order, ASK-OFDM achieves approximately double the data rate compared to QAM-OFDM. 
Conclusions and Future Work
In this article, the authors proposed a novel FrFT-ASK-OFDM system for bandwidth-efficient, high data rate UWA communication. The proposed system employed the ASK modulation scheme, which was shown to be highly recommended in an underwater environment since it efficiently utilizes the limited bandwidth, which is not the case for PSK or QAM. The proposed system also employed FrFT with OFDM, which has the advantage of reducing the BER to a large extent in the absence and presence of CFO. Numerical results showed that the proposed system is very suitable for application in an underwater environment. This is due to its bandwidth saving and great BER performance in a channel characterized by scarce bandwidth, multipath fading and ICI due to Doppler spread. In particular, the system model proposed in this article can achieve a very promising BER performance and can reach higher data rates when compared to other system in the literature.
Regarding future work, even though the ASK modulation achieves a better bandwidth efficiency in the UWA channel when combined with FrFT as compared to commonly used modulation schemes, the BER of un-coded OFDM systems is relatively high. However, the ASK FrFT-OFDM is very promising in UWA channels, and can be combined with some other techniques to enhance the BER. In addition, the PAPR issue should be addressed carefully. Coding is one of the techniques that is mentioned in this article as an enhancement for power efficiency, but this is not within the main scope of this article. The literature is full of techniques and algorithms to reduce PAPR at the expense of more system complexity. However, these approaches will require further investigation and improvements to be compatible with the UWA communication channel. Moreover, theoretical modeling and physical experiments based on field tests will be addressed in the future to support and emphasize the simulation results presented in this study. More specifically, simulations based on Watermark benchmark software will be carried out in future work [36] .
